Direct spectroscopic evidencef or hydrogen-bonded clusters of like-charged ions is reported for ionic liquids. The measured infrared OÀHv ibrational bands of the hydroxyethylg roups in the cationsc an be assigned to the dispersion-corrected DFT calculated frequencies of linear and cyclic clusters.C ompensating the like-charge Coulomb repulsion, these cationic clusters can range up to cyclic tetramers resembling molecular clusters of water and alcohols. These ionic clusters are mainly present at low temperature and show strong cooperative effects in hydrogen bonding. DFT-D3 calculations of the pure multiply chargedc lusters suggest that the attractive hydrogen bonds can compete with repulsive Coulombforces.
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Vand er Waals clusters have been intensively studied in the gas and the liquid phase. [1] [2] [3] [4] [5] [6] The weakly bound complexes provided important scientific advances in understanding cooperativity in hydrogen bonding, hydrogen-bond networks and finally the behaviour of the pure liquid phase. For ionic liquids( ILs), which consist solely of ions, stronga nd directional intermolecular bonding is only reportedf or the opposite chargedc onstituents. The attractive Coulomb interaction between cation and anion is enhanced by local and directional hydrogen bonding which can have significant influence on the IL properties such as viscosity and conductivity. [7] [8] [9] [10] [11] The counter-intuitive phenomenon of association of like-charged ions was never considered because such interaction was supposed to be not competitivew ith the usuallys trong cation-anion interaction in ILs. In general, attractive interaction between ions of like charge could be reported for salt solutions but required the mediation of the solvent molecules. [12] [13] [14] [15] [16] [17] In this study,w ew ant to show that the formation of clusters of like-charged ions is possible in pure ionic liquids.C ation-cation clusters are stabilized in particular at low temperatures and show the same infrared spectroscopic features as molecular clusters due to cooperative hydrogen bonding. The largest clustero bserved here is ac yclic tetramer of cations with af our plus net charge exhibiting similar spectral features as cyclic tetramers of H-bondedp ropanol molecules.
Here, we report measurements of the infrared (IR) spectra of the ionicl iquids 1- The spectrum for the lowest IL I concentrationo f1 0mol % shows an ice isolated and symmetric vibrational band in the OÀHs tretchr egion at 3541 cm À1 (Figure 1a ). This vibrational feature can be attributed to OH groups interacting with BF 4 anions via hydrogen bonding. As known from earlier studies, such H-bonds with weakly interacting anions result in moderate redshifts of the OH frequencies. [18, 19] For quantifying the cation-anion H-bond, we calculated the interaction energies per ion-pair in clusters with sizes n = 1-6 for both ILs at the B3LYP/6-31 + G*-D3 level of theory. [20] [21] [22] From the tetramer (n = 4) on, the interaction energies for both ILs do not change significantly and the energy differences remainc onstant as shown in Figure 1b .T he average H-bond energy OH···BF 4 can be estimated to be 16 kJ mol À1 and is in the order of HB energies reported for water and alcohol dimers (see the Supporting Information, SI). [23] [24] [25] [26] [27] In the 10 mol %m ixture, the density of the OH functional groups is low and should hardly allow the formation of OH···OH bound cation-cation clusters ( Figure 1a ). Even at the lowest temperature (213 K), the shapes of the spectra do not change significantly.T he vibrational bands indicating the cation-anion H-bond are only slightly redshifted and their intensities are enhanced with decreasing temperature. However, the spectrum at 213 Ks hows an additional vibrational band at 3278 cm À1 ( Figure 1a ). This low-intensity band will be discussed later in more detail. If we now increase the concentration of IL I from 10 mol %u pt ot he pure liquid and thus increase the OH density in the mixtures,n ew vibrational bands arise in the spectra in particular at the lower temperatures (Figure 2a-d) . They are significantly redshifted compared to the vibrational bands indicating the cation-anion (c-a) H-bonds. The intensities of these vibrational features increase with increasing OH density for all temperatures.F or the fixed OH densities, the redshifted vibrationalb ands are strongly enhanced with decreasingtemperature as shown in Figures 1a and 2a-d . The intensities of all vibrational bands change smoothly with the temperature, indicating no phase transition. In Figure3a, the With increasingO Hd ensity,e nhanced intensities for the redshifted vibrational modes are observed. b) The IR spectrum of the pure IL I at the lowest temperature (213 K) can be decomposed into four vibrational bands at 3545, 3496,3395 and 3278 cm À1 ,respectively.The assignment of the vibrational bands to the c-a, the c-cdimer,t he c-ctrimer and tetramer as well as the cyclicc-c tetramer results from B3LYP/6-31 + G*-D3 calculations of clusters as shown in Scheme 1. The calculated average frequencies and intensities for these clustersa re indicated as dropl ines in the same color as the deconvoluted bands (see the SI).
ChemPhysChem 2016, 17,458 -462 www.chemphyschem.org concentration-dependent spectra are shown for the lowest temperature at 213 K. It is observed that the c-a vibrational band at 3541 cm À1 does not increase linearly with the OH density and loses intensity in favour of the strongly enhanced redshifted vibrational bands.T he intensities from the deconvoluted spectra in Figure 3a are given in the SI. Overall, the measured infrared spectra as af unction of concentration and temperaturec learly indicate that these vibrational bands can only stem from OH···OHc ation-cation (c-c) hydrogen bonds resulting in H-bonded clusters of like-charged ions.
For the assignment of the measured IR spectra,w ec alculated two types of H-bonded clusters, c-a and c-c, including up to four ion pairs, as illustrated in Scheme 1.
In clusters c-a, only OH frequencies from H-bonding between cation and anion are present.T hese frequencies are used as ar eference. In clusters c-c, the OH groups form solely H-bondsa mong the cations. Additionally,the terminal OH is interacting with one of the anions.T he c-c clusters include ad imer,l inear trimera nd tetramer plus an additional cyclic tetramer showing all the features of molecular clusters for water anda lcohols (see the SI). [1] [2] [3] [4] [5] [6] [23] [24] [25] [26] [27] [28] In Figure 3b ,t he calculated redshifts of the c-c relative to thec -a frequencies are shown. The calculated redshifts can be attributed to the deconvoluted vibrational bands of the measured spectra. The second strongest redshifted band can be relatedt ot he frequencies of the linear trimer and the linear tetramer.B oth frequencies are very closea nd cannotb er esolved in the measured IR spectra.O verall, the measuredI Ri ntensities can be attributedt oad imer,l inear trimer and/or tetramer and cyclic tetramer indicated by the strongest redshift due to cooperative effects. Surprisingly,t he strongestr edshifted vibrational band of the cyclic tetramer at 3278 cm À1 also occurs in the spectra of the 10 mol %m ixturesa tl ow temperature (as shown in Figure 1a) . Ar easonable argument could be that the formation of cyclic clusters is strongly favoured over that of linear structures in the less polar environmento fI LII.S uch cyclic cluster formation is comparable to that of alcohols in apolars olvents. In the environment of tetrachloromethane, alcoholst end to form cyclic clusters thereby maximizing cooperative hydrogen bondingw hich leads to characteristic redshifts in the IR spectra and downfield shifts in the NMR spectra. [6, [24] [25] [26] ( Figure 1a) For that purpose, the calculated OH redshifts fort he IL I clusters are compared with those from molecular clusters of propanol. All redshifts were taken relative to the corresponding dimer frequencies, as shown in Figure 4a .O bviously,c ooperativee ffects in hydrogen bondinga re similar in molecular clusters andc lusters of like-charged ions in ILs. Although weaker interacting due to repulsive Coulombf orces and due to the absence of counterions, even the pure cationic clusters show this kind of behavior.C ooperativity is strongest for the cyclic tetramers, as shown in Scheme2.T he B3LYP/6-31 + G*-D3 optimized structures of all cyclic tetramers show that the linearity of the H-bonds decrease in the order propanol, IL and pure cationic clusters.
As imilar behavior with the cluster size can be observed for the calculated intra-andi ntermolecular bonds, all involved in hydrogen bonding. The intramolecular bond lengths, R(OH), and the intermolecular bond distances, R(H···O) and R(O···O), are shown in Figure 4b for IL I clusters, pure cationic clusters and the propanol clusters, respectively.E nhanced hydrogen bondingwith increasing cluster size is observed for all systems. From the dimers to the cyclic tetramers, the OH bonds are lengthened and the intermoleculard istances are shortened as expectedf or hydrogen bonding. [6] The effect with clusters size is nearly similarf or IL I and propanol, meaning that the charge transfer from the anionst ot he chargec enter of the imidazolium cations lowers the cationic character in such aw ay that the hydroxyl groups can interactv ia hydrogen bonding like in molecular clusters. Because this charget ransfer is missing in the pure cationic clusters, this effect is less pronounced. However,e ven in the fourfold H-bonded cationic cluster with net charge + 4, cooperative hydrogen bondingo vercomes the repulsive Coulomb interaction resulting in longeri ntra-and shorter intermolecular bond lengths. Overall, H-bonding affects structural and spectroscopic properties of like-charged clusters in ILs, pure cationic and molecular clusters in similar way.
We also calculated the B3LYP/6-31 + G*-D3 energies and free energieso ft he c-a and c-c clusters. [29] For example, the tetramersc -a are slightly lower in energy than the c-c and c-ccyc structuresb ya bout 5.83 and 1.0 kJ mol À1 per ion pair.F or the free energies, theser atios become even more favourable for the cc species( DG = 2.96 and 0.2 kJ mol À1 ). Although the choice of ca and cc clusters is somewhat arbitrary,t he calculated differencesi ne nergy and free energy are in the right magnitude and support the interpretationo ft he experimental data. Overall, the calculated energies suggestt hat the c-c configurations are present in equilibrium and furtherk inetically stabilized at low temperatures. Here, we would like to point out that we also find minimums tructures for the purely cationic clusters (e.g. cation 4c in Scheme 2). The calculated positive harmonic frequencies establish the local-minimum character of the equilibrium species, and the short R O···H equilibrium distance, near-linear O···HOg eometry,a nd pronounced n OH vibrational red-shift are recognizable signatures of H-bonding (see Figure4ba nd the SI).
In this Communication, we provide spectroscopic evidence for the formation of H-bonded clusters of like-charged ions in ionic liquids. Cooperative OH···OH hydrogen bonds overcome the repulsive Coulomb forces between the cations. The most interesting clusterisacyclic tetramer of cations, wherein cooperativity is maximized and no furtherH -bonds are formed to the weakly coordinating anion. The ionic clusters show the same OH vibrational signatures as molecular clusters. The measured and calculated IR redshifts of the cationic and propanol clusters are nearly similar.T his findings trongly supports the covalentc haracter of H-bonding and the concept of "anti-electrostatic hydrogen bonds" (AEHB) as controversially discussed recently. [30] [31] [32] [33] There is also some indication that the formation of these clusters allows to supercoolt he IL and prevent it from crystallization.W et ried very hard, but could not get anyc rystal. In upcoming studies furtheri mportant issues will be addressed.H ow does the formation of clusters of like-charged ions depend on the anion?C an these clusters and their properties be controlled by the interaction strengthso ft he counter ions?
